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Monoclinie Double Selenates of the Copper Group. 
By A. E. H. Tutton, D.Sc, M.A., F.K.S. 

(Received June 2, 1920.) 

This memoir deals with the four double selenates of the series 
E 2 M (Se04) 2 , 6H 2 0, in which M is copper and E is potassium, rubidium, 
caesium, and ammonium. Only the potassium and ammonium salts of this 
copper group have been hitherto investigated. Their crystals were measured 
by Haldor Tops0e,* and their optical properties were partially investigated 
by Tops0e and Ohristiansen.f 

The selenic acid employed was prepared specially for this investigation 
by Messrs. Hopkin and Williams, and the author's thanks are due to 
Mr. Edmund White for undertaking* and successfully completing the 
preparation, which has proved to be of remarkable purity and eminently 
suitable for this research. 

The copper selenate required was prepared by precipitating a known 
quantity of copper hydrate from a solution of pure copper sulphate, by 
means of only a very slight excess of pure sodium hydrate solution, and 
dissolving it, after very complete and prolonged washing, in the calculated 
quantity of the selenic acid. 

The potassium and ammonium selenates used were part of a large stock 
previously prepared for the investigation of those salts. The rubidium 
and caesium selenates were prepared by dissolving the pure carbonates of 
the two metals in selenic acid, boiling off carbon dioxide and filtering. To 
prepare the double salts, solutions of the calculated molecular quantities 
of the two constituent simple salts were mixed, in the presence of one drop 
of excess of selenic acid. The solutions were first concentrated to the 
metastable condition without heating, and they then deposited eventually 
in all cases the required hexahydrated crystals of the double selenates of 
the copper group. Some crops were affected by more or less opacity of the 
crystals, but a sufficient number of excellent crops were obtained com- 
paratively free from this defect (and with numerous individual crystals 
entirely limpid), to which these copper salts are somewhat prone. The 
crystals of all four double salts possess a light blue colour. 



* ' Krystallogr.-kem. Unders. o. de Selensure Salte,' Copenhagen, 1870. 
+ 'Ann. de Chim. et de Phys.,' Ser. 5, vol. 1, pp. 84 and 86 (1874). 
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Potassium Copper Selenate, K 2 Cu(Se04)2 . 6H 2 0. 

Crystal System, — Monoclinic. Class No. 5, holohedral-prismatie. 
Axial Angle.— j3 = 103° 25'. Tops0e's value 103° 19'. 
Ratio of Axes. — a :h : c = 0*7508 : 1 : 0*5143. 
Tops0e's values 0*7489 : 1 : 0*5230. 
Forms observed.— a{100},b{010}, clOOlj^illO},^ {120} y q{011},m{021}, 
*'{l01}, r'{201}, o{lll}, ©'{111}, ^{121}, ?*/{l21}. The forms 6, m, s', o 9 
o\ n, and %', were not observed by Tops0e. 

Habit — Short prismatic parallel to the vertical axis c, or tabular parallel 
to e{001}. Many crops consist of simple monoclinic six-faced blocks, 
formed by the two forms c{001} and p{110}, very slightly modified by 
small faces of ${011} and r'{201}. 

Other crops, however, consist of crystals on which, besides the above 
four forms, minute faces of a considerable number of other forms are 
present. Crops consisting of somewhat large crystals are especially rich 
On some of these crystals the prism p'{120} formed quite broad 

strips, and the primary orthopinakoid ${100} 
was often likewise quite prominent, these 
features being clearly exhibited on the typical 
crystal represented in fig. 1. 

1 ! " ft--"'^ * 1 Both n i 121 } and ^U 21 }; and also ^Ull}, 

\l */"""""" II **"*>|jP have been occasionally found well developed, 

but 6{010}, m{021}, s'{101, and o{lll} were 

all exhibited only as very small or narrow 

faces. On the whole, however, this salt 

affords crystals which are richer in faces than has usually been the case 

with other members of the double selenate series, such, for instance, as the 

cobalt group described last year.* It is interesting that potassium copper 

sulphate was also observed to be exceptionally rich in faces. 

Interfacial Angles of Potassium Copper Selenate. 



in faces. 
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* Roy. Soc. Proc., 5 A, vol. 96, p. 156 (1919). 
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Cleavage. — Excellent parallel to r'{201}, as usual throughout the series. 
A good cleavage was also discovered parallel to &{010} ? the cleaved surfaces 
yielding excellent images of the goniometer signal exactly at 180° 0' from 
the natural fr-faces. 

Relative Density. — Six determinations were made by the immersion method 
using methylene iodide and benzene mixture. 

I. Density for 17° *5/4° 2*5434 Fo: 

II. „* * 17° *5/4° 2-5366 - 

III. „ 17° *4/4° 2-5379 

IV. „ 17° '4/4° 2-5389 

V. „ 17° '4/4° 2-54^13 

VI. „ 16° -9/4° 2-5355 



\0°j4 


^o 


. 2 -5428 


jj 


* • • * • 


. 2 '5360 


5) 


» • • • • 


. 2 '5372 


J> 


• » • • * 


, 2 -5382 


>5 


* « « . • 


. 2 -5436 


J) 





. 2 -5347 


ean 


. 2 -5388 



Accepted value for 20 o /4°.........2'539. 

M 532-32 



Molecular Volume. — -—-= _^ 

a 2'ood 



= 209-66. 



Tops0e found the specific gravity 2*527, a value much too low, and the 
molecular volume correspondingly much too high, 212*3. 
MolecularWistance Ratios (topic axial ratios).— 

X : f : oy = 61819 : 8'2338 : 4*2347. 

Orientation of Optical Ellipsoid. — Plane of optic axes 6{010}. Sign of 
double refraction, negative. The first median line is the a axis of the 
indicatrix, and the second median line is y. 

Extinction Direction (Axis a) in Symmetry Plane. 
Plate 1 0° 7', Plate II. .....0° 11', Mean......0° 9', 

in front of the normal to c(001). The direction is for this salt the first 

median line, which is thus 13° 34' 
ot^rr.-r— — - [ n front of the vertical axis c, the 

normal to c(001) being 13° 25' in 
front of that axis. The second 
median line lies 9' below the 
inclined axis a, and 13° 34' below 
the normal to a (100). Tops0e and 
Christiansen give 2° 26' for the 
position of the first median line, 
but behind the normal to c(001). 

Fig. 2 will render the position 
clear. The slight angle of 9' 
between the second median line and 

the axis a } and between the first median line and the normal to c(001) is 



(LOO) 




Fig. 2. 



Monoclinic Double Selenates of the Copper Group. 71 



exaggerated in the drawing just sufficiently to show them clear of each other 
in each case. 

Optic Axial Angle. — Determined with three pairs of plates ground 
perpendicular to the first and second median lines. The angle in air 2E is 
invisible, owing to the magnitude of the true angle. 

Determination of True Optic Axial Angle in Bromonaphthalene. 
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la 
2a 
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la 
2a 
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82 3 
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o 
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4 
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88 4 
88 37, 
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87 42 
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88 

87 36 

88 8 

87 421 
87 18 V 
87 48 J 



o / 

88 49 
88 46 
88 27 
88 3 
87 55 
87 36 



Tops^e and Christiansen give 88° 12' as the angle 2V a for sodium light. 

Dispersion of the Median Lines. — This was determined by immersion in 
monochlorbenzene, the refractive index of which, 1*5248 for Na light, is 
nearly identical with the mean index of the crystals, 1*5226. The dispersion 
is very small, one determination affording 7 minutes and another with a 
different crystal 10 minutes of arc, for the position of the first median line, 
nearer to the vertical axis c for red (Might than for green cadmium light. 

Refractive Indices. — Eesults with six 60°~prisms, each ground to yield two 
indices. 

Eefractive Indices of Potassium Copper Selenate. 



Light. 


a. 


JS. 


y- 


Li 


1 -5063 
1 '5068 
1 '5101 
1 -5132 
1 '5150 
1 '5171 
1 -5230 


1 -5190 
1 -5195 
1 -5228 
1 -5266 
1 -5286 
1 -5308 
1 '5368 


1 -5312 
'1-5317 
1 '5349 
1 -5386 
1 -5406 
1 '5428 
1 -5491 







« Na 

Tl 

Od 

F 

a 








Mean of a, #, and y for Na light = 1 *5226. 

a = Tibration direction parallel to first median line, 13° 34' in front of axis <?. 
~ » ?, „ symmetry axis b. 

7= » „ „ second median line, 0° 9 / below axis a. 

Double refraction, Na y _ a =0 *0248. 



72 



Dr. A. E. EL Tutton. 



General formula for /3, corrected to a vacuum : — 



/3= 1-5076 + 



479 476 , 2 154 300 000 000 



4- 

{ • « • » 



X 2 V 

The a indices are also approximately reproduced by the formula if the 
constant 1-5076 be diminished by 0*0130, and the 7 indices if it be increased 
by 0-0121. 

Observations at 70° indicated that tile refractive indices diminish by about 
0*0020 for a rise of 60° of temperature. 

The values of Tops0e and Christiansen were : for (3, line C 1*5203, line D 
1*5235, line F 1*5320 ; the a and 7 values were only obtained indirectly and 
for line D only; they are given as 1*5096 and 1*5385. 

Axial Ratios of the Optical Ellipsoid — 

a : /3 ; 7 = 0*9917 : 1 : 1*0080, a : *b : t = 1*0084 : 1 : 0*9921. 

Molecular Optical Constants. 



Axis of optical indicatrix. 



a. 



(3. 



7- 



Lorenz 



Specific refraction, — — - = n •{ . , 



Molecular refraction, 



-1172 

(n* + 2)d •■■■■• Hx 0-1203 

*-! M fC, 62-37 



w 



— m 



■\a 



Gladstone 



n 2 + 2' d "" l^ 64-05^ 

I Specific dispersion, via — no ! 0*0031 

Molecular dispersion, ma - mc 1 '68 

Molecular refraction, — - M C 106 '26 

d 



0-1196 
0*1230 

63-69 

65 '4S 

O -0034 

1-77 

108 '92 



0-3220 
'1253 

64*94 
66-70 

-0033 
1-76 

111-48 



Mean molecular refraction (Gladstone), -| (a + B + y) = 108*89. 

Rubidium Copper Selenate, Kb2Cu(Se04)2 . 6H2O. 
Crystal System. — Monoclinic. Class No. 5, holohedral-prismatic. 
Axial Angle,— /3 = 104° 44'. 
Ratio of Axes. — a : b : c = 0*7495 : 1 : 0*5066. 

Forms observed.— a {100}, b{010}, c{00l} } p{110}, /{120}, p n, {Vd0}, 
2 {011}, r'{201}., o'{lll}. 

■ Habit. — More or less tabular parallel to c {001}, but with the faces of 

^{011} quite large. It is intermediate between 
the habits of the potassium and caesium salts. 
Fig. 3 represents a typical crystal. 

The three forms c{001}, p{H0}, and ^{011} 
are prominent, more or less equally, and often 
in certain crops are present alone. Small faces 
of r'{201} are usually developed on the crystals 
of other crops, but beyond these no other 
faces are perceptible at first sight. Closer 
measurements on the goniometer, however, 




Fig. 3. 



examination during the 
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Interfacial Angles of Rubidium Copper Selenate. 





Angle. 


No. of 
measure- 
ments. 


Limits. 


Mean j 

observed. ! 

I 


Calcu- 
lated. 


Diff. 








O / Q t 


/ 


/ 


/ 


f ac 


- (100): (001) 


6 


75 17- 75 31 


75 24 


75 16 


8 


as 


= (100) : (101) 
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— 


- 25 4 


. 


1 r a 
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41 19 
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\y c 
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16 


116 30-116 46 


116 41 


116 35 


6 




' ' ap 
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10 


35 50- 35 58 


35 56 


35 56 







pp' 
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5 


19 12- 19 39 j 
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19 28 
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9 52 


9 54 


2 
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— 


— 


34 36 
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— - > 


— 
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24 42 


5 
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22 
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22 
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\cq 
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40 
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# 
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= (Oil): (Oil)...... 
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__ 
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— 
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. — 


34 54 






op 
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— 


-— 
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43 13 
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* 
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. — „ 
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40 
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fbn 
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■ — , 


- — 
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16 5 




■> 
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___ 
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— . 
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— 


— : 
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— - 
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4 
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— . 


— . 




24 54 
49 48 




Csq 


= (101) : (Oil) 


— 


— - • 


— 


38 22 




J 9.V 


= (Oil): (110) 


40 


85 35- 86 5 


85 52 


85 48 


4 


}ps 


= (110) :(101) 


— _ 


— 


— 


55 50 




Im 


= (110): (Oil)...... 


40 


93 53- 94 26 


94 9 


94 12 


3 




fs'q 


= (101): (Oil)...... 


— 


— _ 


— 


45 14 






qn 


= (Oil): (121) 


— , 


— 


— » 


26 48 






np 


- (121) :(110). 


— 


- — 


— 


36 54 




( 


qp 


= (Oil): (110)...... 


40 


63 29- 64 


63 45 


63 42 


3 




ps' 
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— . 


— 


- — 


71 4 






^m 


= (110) :(01I) 


40 


116 0-116 34 


116 15 


116 18 


3 




So' 


= (201): (111) 


1 


■ — 


34 45 


34 45 







o'p 


= (111) :(110) 

= (110): (201)...... 


1 


— 


92 33 


92 42 


9 


< 
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36 
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52 33 


5 




y p 


= (201): (110)...... 

otal number of 


36 


127 9-127 37 


127 22 


127 27 


5 


T 
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measurements from 














10 crystals 













74 



Dr. A. E. H. Tutton. 



occasionally jrevealed narrow line-faces of the orthopinakoid, &{100}, as 
shown in fig. 3, and of the clinopinakoid, 5{010}, more rarely ; also of the 
two prisms, j/{120} and p'"{130}, which were sometimes fairly broad, as 
shown in fig. 3, and of the hemipyramid o'{lll}, also shown* in fig. 3, but 
only rarely were the signal images from any of these forms adequately bright 
for allocation to the cross-spider-lines. 

Cleavage. — Parallel to r'{201}, perfect. A good cleavage was also found 
parallel to 6{010}. 

Relative Density. — Six determinations were made by the immersion 
method on freshly grown specially clear crystals. 

I. Density for 16° -0/4° 2 -8388 I 

16° -5/4° 2-8421 

17° -3/4° 2*8356 

17° -0/4° 2*8417 

17° -9/4° 2*8420 

19° '1/4° 2-8398 



II. 
III. 
IV. 

y. 

VI. 



a 



J? 



55 



33 



33 


2-8411 




..... 2-8348 




2-8408 




2-8414 


3 5 


2 -8395 




.... 2-8392 



Accepted value for 20°/4 ( 



2839. 



Molecular Volume.—^ = 624 ' 42 = 219*94. 

d 2*839 

Molecular Distance (topic axial) ratios. — 

X : f : co = 6-3179 : 8*4295 : 4*2704. 

Orientation of Optical Ellipsoid. — Plane of optic axes, b {010}. Sign of 
double refraction, positive. The first median line is the <y axis of the 
indicatrix, and the second median line is a. 

Extinction Direction (2 MX.) in Symmetry Plane. 

Plate I.. .8° 4', Plate II.. .8° 22'. Plate III.. .8° 36', Mean.. .8° 21/, 

in front of the normal to c(001). As that normal is 14° 44' in front of the 



(W0> 




Fig. 4. 
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vertical axis c, the second median line lies 23° 5' in front of the vertical 
axis c. The first median line lies 8° 21' below the inclined axis a. Fig. 4 
will render this clear. 

Optic Axial Angle. — Eesults with three pairs of section -plates perpen- 
dicular to the two median lines. 



Apparent Optic Axial Angle in Air, 2E, of EbCu Selenate. 



Light. 


Plate 1. 


Plate 2. 


Plate 3. 


Mean 2E. 




o / 


O / 


o / 


o / 


Li 


84 45 


85 2 


85 33 


85 7 




84 43 


85 11 


85 35 


85 11 


JN3* » » » 


85 37 


85 46 


86 4 


85 49 


Tl 


86 12 


86 23 


87 7 


86 34 


Cd 


86 38 


86 51 


87 17 


86 55 




87 8 


87 22 


87 46 


87 25 



Determination of True Optic Axial Angle in Bromonaphthalene. 



Light. 


No. of plate 
perp. 1 M.L. 


Observed 


No. of plate 
perp. 2 M.L. 


Observed 

ZIjLo. 


Calculated 
2V a . 


Mean 
2Y a . 


T * 

■*^* «•* »•* •*» 


* 


r 1 

2 

.3 


o / 

48 
48 7 
48 20 


2a 

3a % 


o / 

109 54 

110 11 
109 53 


52° 50 ' 

52 52 

53 8, 


► 


o / 

52 57 





< 


'1 

2 

_ o 


48 

48 7 
48 20 


la 
2a 
3« 


109 46 

110 6 
109 51 


52 52- 

52 54 

53 9. 


► 


52 58 




Na ...... 


< 


ri ............ 

2 

.3 


48 3 
48 7 
48 21 


la 
2a 
3« 


109 5 
109 27 
109 13 


53 71 

53 4 
53 21 J 


53 11 


Tl 


< 


r l 

2 

.3 


48 4 
48 7 
48 22 


la 
2a 
3a 


108 17 
108 32 
108 24 


53 22 ■ 

53 20 
53 36 ^ 


► 


53 26 


Cd 


< 


ri 

2 

3 


48 5 

48 7 
48 23 


la 
2a 
3a 


107 47 
107 58 
107 59 


53 32} 
53 30 I 

53 44 J 


53 35 


F ......... 


ri 

*\ 2 

\_ o 


48 6 

48 7 
48 24 


la 
2a 
3a 


107 13 
107 35 
107 38 


53 42" 
53 37 
53 51 


► 


53 43 



Dispersion of the Median Lines. — This is very small, measurements in 
monochlorbenzene (of similar refractive index) having indicated that the 
first median line lies nearer to the inclined axis a by 8 minutes for green 
cadmium light than for red C hydrogen light. 

Effect of Temperature on Optic Axial Angle. — Determinations at a series 
of temperatures up to 70° C. indicated that the optic axial angle in air, 2E, 
increases 12°, from 86° to 98°, during this rise of temperature. 

Refractive Indices. — Eesults obtained with six 60°-prisms, each ground to 
afford two indices directly. 
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Refractive Indices of Rubidium Copper Selenate. 



-Light. 


a. 


J8. 


7- j 


Li 



Na 

Tl 

Cd 

! F 

| "G- 


1*5117 
1 '5122 
1 -5153 
.1 '5185 
1 -5204 
1 '5225 
1 %5284 


1 '5146 
1 "5152 
1 -5183 
1 '5216 
1 '5237 
1 -5257 
1 *5317 


1 -5280 i 
1 -5286 ! 
1 '5318 j 
1 *5354 ■ 
1 -5375 | 
1 -5396 j 
1 '5461 S 



a 
7 



Mean of a, 0, and y for Na light = 1 *5218. 

Vibration direction parallel to second median line, 23° 5' in front of axis c. 

symmetry axis b. 
first median line, 8° 21' below axis a. 






>5 



53 



Double refraction, Nay— « = '0185. 



General formula /3 ? corrected to a vacuum :— 

a • 1 . m ^ , 634 053 1 524 900 000 000 , 

V X 4 

The a indices are also reproduced by the formula if the constant 1*5017 be 
diminished by 0*0031, and the 7 indices if it be increased by 0*0135. 

Observations at 70° indicated that the refractive indices diminish with rise 
of temperature, to the extent of 0*0020 for 60° rise of temperature in the case 
of 7 and somewhat less for a and /3. 

Axial Ratios of the Optical Ellipsoid — 

« : /3 : 7 = 0*9980 : 1 : 1-0089, a : b : C = 1'0020 : 1 : 0*9912. 



Molecular Optical Constants. 



Axis of optical indicatrix 



a. 



3. 



Lorenz j Specific refraction, 



n 2 —l 



= n. 



Gladstone 



(n* + 2)d 

Molecular refraction, — -^— . — 

5 n? + 2 d 

Specific dispersion, xxa —tic ..... 
Molecular dispersion, mo — ntc 



= nx 



Molecular refraction, 



n 



d 



■ M 



C 

Gr 

C 

a 



.0 



-1057 
-1085 

66-02 

67 '77 

-002-S 

1-75 

112-65 






•1063 





•1091 


66 


•35 


68 


•12 





•0028 


1 




113 


•32 



-1086 
0-1116 

67*79 
69*66 

-0030 
1-87 

116-26 



Mean molecular refraction (Gladstone), \ (a + /3 + 7) — 114*08. 

G cesium Copper Selenate, Cs 2 0u(Se04)2 . 6H 2 0. 
Crystal System. — Monoclinic. Class rTo. 5, holohedral-prismatic. 
Axial Angle. — /3 = 105° 42'. 
Ratio of Axes.— a : b : e = 0*7398 : 1 : 0*4981. 

Forms observed.— a {100}, 6{010},c{001}, p{110}, #'{120}, ^{011}, m{021} 
r'{201}, o{lll}, o'{lll}. 
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Habit. — Prismatic parallel to inclined axis a, the habit remarkably con- 
sistently characteristic of all the caesium salts of the series, both double 
selenates and double sulphates. It is due to the relatively small develop- 
ment, in narrow strips only, of the basal pinakoid c{001}, and relatively 
very large development of the primary clinodomal prism o/(011}. 

The end faces of the prism are formed almost entirely by the faces of 
the primary prism p{110} and the orthopinakoidal form r'(201}. These 
two forms vary very much in relative development, so that in some crops 
the former are largely predominant, and the latter very small, as shown 
in fig. 5, while in others the r'-faces are exceptionally large and practically 
form the prism-end,, as shown in fig. 6. 





Fig. 5. 



Fig. 6. 



The faces of (/{111} were very small, except occasionally on large crystals, 
and those of 0(111} were still rarer, and only once measurable. The two 
primary pinakoids a{100} and b{010} were only present as narrow lines ; 
the forms ^'{120} and m{021} were only observed on one of the crystals 
measured, as very minute faces, although clearly measurable. 



Interfacial Angles of Caesium Copper Selenate. 




r ae — 

as — 

sc — 

t cr' = 

^ cs' = 

s'r' = 

r'a — 

{jr'c = 



r 



ap 

pp' 

p'b 



/// 



1 



PP 
p'"b 

pb 

pp 

\jpp 



(100) 
(100) 
(101) 
(001) 
(001) 
(101) 
(201) 
(201) 

(100) 
(110) 
(120) 
(110) 
(130) 
(110) 
(110) 
(110) 



No. of 
measure- 
ments. 



: (001) 
: (101) 
: (001) 
: (201) 
: (101) 
: (201) 
: (100) 
: (001) 

: (110) 
: (120) 
: (010) 
: (130) 
:(010) 
: (010) 
: (110) 
: (110) 



Limits. 



Mean 
observed. 



1 


o / o / 


o / 

74 25 


20 


63 10- 63 47 


63 33 


3 

20 


41 59- 42 22 
116 17-116 53 


42 9 
116 27 


2 


19 16- 19 32 


19 24 


4 
20 
20 


54 21- 54 28 

70 52- 71 35 

108 24-109 8 


54 24 

71 14 
108 46 




74 18 
45 43 

28 35 
63 37 
38 9 
25 28 
42 5 

116 23 

35 37 
19 28 
34 55 

29 26 
24 57 

54 23 

# 

108 46 



4 

4 

4 

4 



1 
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XII it? 


riciuiai j9l 


ugies oi ^ 


^cfsium ^upjjur o 


eitJllfcLLU 'V( 


J i W v 1 v \AjKj\At '• 




Angle. 


No. of 
measure- 
ments. 


Limits. 


Mean 
observed. 


1 

Calcu- 
lated. 


Diff. 


(oq = (001): (Oil) 


40 


o / o / 

25 16- 25 53 


/ 

25 37 


o / 

# 


/ 


1 qm - (Oil) : 


(021) 





— 


— • 


18 11 




«J ml = (021) : 


(010) 





— 


— 


46 12 






jft = (011) : 


(010) 


2 


64 23- 64 27 


64 25 


64 23 


2 




.n =(011): 


(OH) 


20 


128 30-128 59 


128 46 


128 46 





{ ao = (100) : 


(HI) 


— 


. — 


— 


48 53 




\oq =(111): 


(OH) 


— 


— 


— 


27 




Aaq = (100) : 


(Oil) 


— 


— 


— 


75 53 






?o' = (Oil) 


(Hi) 


2 


34 32- 34 36 


34 34 


34 27 


7 




jfa = (111) : 


(100) 


— 


— 


— 


69 40 






r co = (001) : 


(Ill) 


1 


— 


34 9 


34 11 


2 




op = (111) : 


(no) 


1 


— 


43 12 


43 5 


7 


- 


cp = (001) ■ 


(HO) 


39 


76 56- 77 35 


77 16 


# 




po' = (110) 


(1H) 


8 


57 51- 58 47 


58 11 


58 16 







o'c = (HI). 


(001) 


9 


44 12- 44 51 


44 32 


44 28 


4 




^ = (110) . 


(001) 


40 


102 29-103 6 


102 44 


102 44 





Cbn = (010) 


(121) 


— 




. — 


54 30 




J rco = (121) : 


(HI) 


— . 





— 


15 53 




] bo = (010) 


(Ill) 


— 




— 


70 23 




U* = (111) 


'(101) 


— 


. — 


— 


19 37 






r bo' = (oio) 


: (Hi) 


— 


— 


— 


65 17 




* 


oV = (111) 


:(I01) 


— 


— 


— 


24 43 






[oV = (111) 


: (HI) 


— 


— . 


— 


49 26 






r*^ = (ioi) 


'(OH) 

:(H0) 


— 


— _ 


— 


37 38 




j 


qp =(011) 


39 


86 43- 87 13 


86 59 


8 86 57 


2 


■< 


jp* =(110) 


'(IOI) 


— . 


— 


— 


55 25 






l M = (110) 


••(OH) 


39 


92 38- 93 22 


93 1 


93 3 


2 


r^ = (ioi) 


:(0H) 


— 


— 




44 50 




| <p = (Oil) 


••(121) 


— 


— . 




26 24 




]np = (121) 


:(H0) 


— 


— 




36 51 






ffl? =(on) 


••(no) 


39 


62 59- 63 34 


1 63 18 


63 15 


3 




ps' = (110) 


'(101) 


— 


— 


1 


71 55 






1*2 = (no) 


••(OH) 


39 


116 23-117 4 


116 42 


116 45 


3 




f r'o' = (201) 


: (HI) 


13 


34 36- 35 29 


34 57 


34 54 


3 




o'm = (111) 


'(021) 


1 


— 


36 27 


36 24 


3 


< 


mp = (021) 


:(H0) 


1 


— 


55 43 


55 49 


6 


o'p = (111) 


:(H0) 


12 


91 41- 92 33 


92 11 


92 13 


2 




jw' = (110) 


'(201) 


38 


52 30- 53 14 


52 51 


52 53 


2 




\s'p = (201) 


'(HO) 


38 


126 43-127 24 


127 9 

i 
i 


127 7 


2 


Total number of 


511 


measurements from 






j 






10 crystals 













Cleavage. — Perfect parallel r'{ 201}. A second good cleavage parallel to 
£{010} was also discovered. 

Relative Density. — Six determinations were carried out by the immersion 
method on crystals small and exceptionally clear. 



I. 


Density 


for 16° '2/4° ... 


.. 3*0734 


For20°/4° ... 


... 3*0722 


IT. 


j» 


16° '4/4° ... 


.. 3-0744 




... 3-0733 


III. 


}> 


16° -4/4° .... 


.. 3-0735 




... 3-0724 


IY. 


?> 


17° '7/4° .... 


. . 3 '0708 




... 3-0701 


Y. 


>) 


16° -8/4° .... 


.. 3-0770 




.. 3-0760 


YI. 


5) 


17° -5/4° .... 


.. 3-0746 




... 3-0738 



Mean 3-0730 
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Accepted value for 20°/4° 3*073. 

M 718-42 



Molecular Volume.- 



233-79. 



d 3-073 
Molecular Distance (topic axial) ratios. — 

X : ^ : co = 6-4378 : 8'7022 : 4*3346. 

Orientation of Optical Ellipsoid. — Plane of optic axes &{010}. Sign of 
double refraction positive. The first median line is the y axis of the 
indicatrix, and the second line median is a. 

Extinction Direction (2 M.L.) in Symmetry Plane. 

Plate 1 21° 50', Plate II... ...21° 9', 

Mean extinction angle. 21° 30', 

in front of the normal to c(001). As that normal is already 15° 42' in 
front of the vertical axis c, the second median line lies 37° 12' in front of 
the vertical axis c. The first median line lies 21° 30' below the inclined axis a. 
Fig. 7 will render the position plain. 




(loo) 



Optic Axial Angle. — Eesults with three pairs of plates ground perpen- 
dicular to the first and second median lines. 

Apparent Optic Axial Angle in Air, 2E, of CsCu Selenate. 



Light. 


Plate 1. 


Plate 2. 


Plate 3. 


Mean 2E. 


Li 


o / 

76 44 

76 52 

77 13 
77 39 

77 49 

78 3 


o / 

77 28 
77 32 

77 59 

78 15 

78 41 

79 2 


76 49 

76 53 

77 28 

78 3 
78 23 
78 40 


77 
77 6 
77 33 

77 59 

78 18 
78 35 


C 


Na 


Tl 


Od 


F 
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Determination of True Optic Axial Angle in Bromonaphthalene. 



Light. 



No. of plate 
perp. 1 M.L. 



Observed 



"No. of plate 
perp. 2 M.L. 



Observed 



Calculated ! Mean 
2V a . l 2V fl . 



T * 

-*-■-»■ *«* »*# * • 



o 



Na 



Tl. 



Cd 



F 



1 .. 



/ 

44 7 
44 33 
44 13 

44 6 
44 32 
44 12 

44 2 

44 28 

44 7 

43 58 

44 23 

44 3 

43 54 

44 20 
44 2 

43 48 
4* 16 

44 



la 
2a 
3a 

la 
2a 
3a 

la 

2a 
3a 

la 
2a 
3a 

la 
2a 
3a 

la 
2a 
3a 



114 10 
114 25 
114 18 

114 2 
114 21 
114 12 

113 22 
113 44 
113 33 

112 40 
112 59 

112 50 

112 13 
112 31 

112 22 

111 35 

112 o 

111 49 



48 12 
48 32 
48 16 

48 13 
48 32 
48 16 

48 19 
48 38 
48 21 



48 26) 
48 44 \ 

48 28 J 



48 29 
48 49 
48 34 

48 33 
48 52 
48 41 



I 



o / 



48 20 



48 20 



48 26 



48 33 



48 37 



48 42 



Dispersion of the Median Lines. — This was determined by immersion of the 
best of the section-plates perpendicular to the first median line in oil of 
cloves, the refractive index of which is similar to that of the crystals. It 
was found that the median lines are dispersed about 8' in the symmetry 
plane, so that the first median line is nearer to the inclined axis a by 8' 
for red C -light than for green thallium light. 

Effect of Temperature on Optic Atrial Angle. — -On heating one of the 
section-plates gradually to 75° C, the optic axial angle in air 2E proved 
to change only very slightly, becoming reduced by one degree only for this 
rise of temperature. 

Refractive Indices. — Eesults with six 60°-prisms, each ground to afford two 
indices directly. 

Eefractive Indices of Caesium Copper Selenate. 



Light. 


a. 


0. 


7- 


Li 


1 -5243 


1 -5259 


1 '5355 


C 


1 '5248 


1 '5264 


1 '5360 


]S T a 


1 -5282 


1 -5298 


1 -5394 


Tl 


1 -5316 


1 -5332 


1 -5427 


Cd 


1 5335 


1-5352 


1 '5447 


F 


1 -5355 


1 -5372 


1 -5467 


a 


1 -5416 


1 -5434 


1 '5530 



a 

7 



Mean of a, £, and y for Na light = 1 *5325. 
Vibration direction parallel to second median line, 37° 12' in front of axis c. 

„ symmetry axis b, 
„ first median line, 21° 30' below axis a. 






)> 



Double refraction, . Na 



T 



0*0112. 
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General formula for the intermediate refractive index /3, corrected to a 
vacuum (correction + 0*0004) : — 



£ = 1-5125 + 



665 923 1 784 800 000 000 



X 2 



\ 4 



4- 

| • • • • 



The a indices are also reproduced very closely by the formula if the 
constant 1*5125 be diminished by 0*0016 and the 7 indices if the constant be 
increased by 0*0096. 

Observations at 70° C. showed that the refractive indices are diminished by 
about 0*0017 (varying from 0*0015 to 0*0019) for 60° rise of temperature. 

Axial Ratios of the Optical Ellipsoid— 

a : : 7 = 0*9990 : 1 : 1*0063, a : t> : C = 1*0010 : 1 : 0-9938. 

Molecular Optical Constants. 



Axis of optical indieatrix. 



a. 


&. 


7- 


'0997 


'0999 


-1015 


0-1024 


-1026 


-1041 


71*62 


71-81 


72*90 


73*53 


73'74 


74-81 


-0027 


-0027 


-0026 


1-91 


1-93 


1-91 


122-69 


123 '07 


125 31 



Lorenz 



Gladstone . . . 



Specific refraction, 



n x 



1 



(n 2 + 2)d 



n 



n 



2 -l M 



Molecular refraction, 

' » 3 + 2 d 

Specific dispersion, n& — tic 

Molecular dispersion, we — wc 

Molecular refraction, 



m 



■■{ 
■•{ 



C 
G- 

O 
G 



d 



M 



.0 




Mean molecular refraction (Gladstone), \ (a 4-/3 + 7) = 123 '69. 

Ammonium Copper Selenate (NH^C^SeO^ . 6H 2 0. 

Crystal System. — Monoclinic. Class No. 5, holohedral-prismatic. 
Axial Angle. — j3 = 105° 30'. The value found by Tops0e was 105° 32'. 

Ratio of Axes. — a : b : c = 0*7476 : 1 : 0*5150. 
Tops0e's values 0*7488 : 1 : 0*5126. 
Forms observed.— a{100}, 6{010}, c{001}, p{ll0}, 
p'{120} 9 2{011}, o{lll}, o'{lll}, r'{201}, ^{121}; 
The forms a, 0, and n' were not observed by 
Tops0e. 

Habit. — Usually short prismatic parallel to p{110} 
and to the vertical axis e. In certain crops these 
prisms were considerably elongated. 

As regards the relative development of ^{011} 
and r'{201} the crystals generally much resembled 
those of the rubidium salt, although those of certain 
crops more nearly approximated to the type of the potassium salt. One 
peculiarity was very common, however, namely, the elongation above referred to 
of the prisma {110}. A typical crystal exhibiting this feature is shown in fig. 8. 



.!' 



1 



ID 



t> 




Fig. 8. 
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Interfacial Angles of Ammonium Copper Selenate. 





Angle. 




No. of 
measure- 
ments. 


Limits. 


Mean 
observed. 


Calcu- 
lated. 


Diff. 


Tops^e's 
values. 










o / o / 


/ 


o / 


f 


o / 




*~ac 


« (100) : 


(001)... 


9 


74 25- 74 37 


74 29 


74 30 


1 


74 28 




as 


= (100) : 


(101)... 


— 


— 


— 


45 13 


— 






sc 


= (101) : 


(001)... 


— 


— - 


— 


29 17 


— . 




. 


cr' 


= (001) : 


(201)... 


14 


64 26- 64 49 


64 40 


64 34 


6 


64 22 


^ cs> 


= (001) : 


(101)... 


— 


— 


— 


39 9 


— 






s'r' 


= (101) : 


(201)... 


— 


— 


- — 


25 25 


— 






r'a 


= (201) : 


(100)... 


9 


40 41- 40 59 


40 50 


40 56 


6 






^r'c 


= (201) : 


(001)... 


14 


115 15-115 32 


115 20 


115 26 


6 


115 38 




r ap 


= (100) : 


(110)... 


14 


35 32- 35 58 


35 46 


35 46 









PP' 


= (110) : 


(120)... 


8 


19 13- 19 38 


19 24 


19 28 


4 






p'b 


= (120) : 


(010)... 


7 


34 37- 34 59 


34 47 


34 46 


1 






pp»' 


= (110) : 


(130)... 


— . 


— 


— 


29 24 


— 




< 

1 p n, ° 


= (130) : 


(010)... 


— 


-— 


— 


24 50 


— . 




\pb 


= (110) : 


(010) . . . 


23 


54 0- 54 25 


54 14 


54 14 







1 PP 


= (110) : 


(110)... 


20 


71 20- 71 46 


71 32 


# 


— 


71 37 


Ipp 


= (110) : 


(110)... 


20 


108 14-108 40 


108 28 


108 28 





108 23 




' n 


- (001) : 


(011)... 


25 


26 10- 26 40 


26 24 


* 


— 


26 17 


■ < 


qb 


= (011) : 


(010)... 


16 


63 24- 63 48 


63 37 


63 36 


1 






. 22 


= (011): 


(011)... 


12 


127 8-127 24 


127 15 


127 12 


3 




fao 


= (100) : 


(111)... 


— 


— . 


— . 


48 35 


— 




1 H 


= (HI) = 


(011)... 


— 


— 


, — 


27 34 


— 




i ac L 


= (100) : 


(Oil)... 


— 


— 


— 


76 9 


— 




\qo> 


= (011) : 


(111)... 


— 


— 


— 


35 7 


— 




\jfa 


= (Til) : 


(100)... 


_ — 


— 


— 


68 44 


— 




fco 


= (001) : 


(111)... 


3 


34 44- 35 4 


34 55 


35 


5 




1 °P 


= (HI) : 


(110)... 


3 


42 25- 42 45 


42 35 


42 29 


6 




J ^ 
\P ' 


= (001) : 


(110).., 


40 


77 20- 77 37 


77 29 


# 


— 


77 27 


= (110) : 


(111)... 


5 


56 20- 57 32 


57 2 


57 4 


2 




| o'c 


= (111): 


(001)... 


5 


44 58- 46 5 


45 27 


45 27 





45 15 


'vj™ 


= (110): 


(001)... 


40 


102 23-102 39 


102 31 


102 31 





102 32 




K bn 


= (010) : 


(121)... 


— 


, — 


— 


53 49 


— 




_, 


no 


= (121) : 


(111)... 


— . 


— 


— 


16 6 


— 




^ 


bo 


= (010) : 


(111)... 


— 


* — . 


— , 


69 55 


— 






.os 


= (111): 


(101)... 


— , 


- — 


_ 


20 5 


— 






{bri 


= (010) : 


(121)... 


— 


— 


— 


46 40 


— 




_- 


n'o' 


= (121) : 


(111)... 


— 


— 


— _ 


18 5 


— 




*s 


bo' 


= (010) : 


(111)... 


— 


— 


- — 


64 45 


— 






Us' 


= (111) : 


(101)... 


—— 


— 


— 


25 15 


— 


25 12 




(sq 


= (101) : 


(Oil)... 


— 


— 


— 


38 38 


— - 






an' 


= (011) : 


(121)... 


2 


35 56- 36 


35 58 


35 52 


6 






-*- 

n'p 


= (121) : 


(110)... 


2 


50 15- 50 17 


50 16 


50 22 


6 




1 £P 


= (011) : 


(110)... 


26 


86 3- 86 22 


86 12 


86 14 


2 


86 19 


1 i 7 * 


= (110) : 


(101)... 


— 


— 


— 


55 8 


. — 




LJPS' 


= (110) : 


(Oil).,. 


26 


93 36- 93 53 


93 48 


93 46 


2 






"s'q 


= (101) : 


(Oil)... 


— . 


— 


: 


46 


— 






qn 


= (011) : 


(121)... 


— . 


— 


_— 


26 45 


— 






np 


= (121) : 


(110)... 


— 


— 





36 15 


— 




1 2P 


- (011) : 


(110)... 


25 


62 47- 63 8 


62 59 


63 


1 


63 


1 P s ' 


= (110) : 


(101)... 


• — • ■ 


— 


-— 


71 


— 




Im 


= (110) : 


(Oil)... 


25 


116 49-117 13 


117 1 


117 


1 




r>v 


= (201) : 


(111)... 


10 


34 52- 35 22 


35 7 


35 14 


7 




J °'p 


= (111) : 


(110)... 


10 


92 2- 92 57 


92 37 


92 34 


3 




\pr f 


= (110) : 


(201)... 


38 


51 58- 52 26 


52 8 


52 12 


4 


52 23 


Lr'j? = (201): (110)... 
Total number of 


38 


127 33-128 7 


127 52 


127 48 


4 


127 37 


489 


measurements from 














1C 

- 


) crystals.. 


*■•• •«••*# 
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The faces of <x{100} and Z>{010} were almost always mere lines, but 
occasionally the 6-faces were broader strips, as in several of the small 
crystals measured. The faces of the forms o{lll}, o'{Ill], and n'{121] 
were only very minute on all the crystals measured. 

Cleavage. — Perfect parallel r'{201}. An even more excellent one was 
found parallel £{010}. 

Relative Density. — Six determinations were made by the immersion 
method, with crystals freshly grown and perfectly clear. 



I. Density 


for 16° -7/4° ...... 


2 -2238 


II. 


16° -5/4° 


2 -2256 


III. „ 


16° '2/4° 


2 -2217 


IV. „ 


16° -6/4° 


2 '2252 


V. 


16° '6/4° ...... 


2 -2248 


VI. 


16° -9/4° 


2 '2227 



For 20°/4 c 



>> 
>> 



Mean 



* « * • » 



2*2231 
2 *2248 
2 '2209 
2 -2244 
2 '2240 
2 -2220 

2 -2232 



Accepted value for 20°/4° 2-223. 

M 490*48 



Molecular Volume.- 



220-84. 



d 2-223 

Tops^e obtained the lower value 2*221 for the specific gravity, and con- 
sequently also a molecular volume too high, namely, 222*5. 

Molecular Distance (topic axial) ratios. — 

X : ^ : o> = 6-2868 : 8'4093 : 4*3308. 

Orientation of Optical Ellipsoid. — Plane of optic axes £{010}. Sign of 
double refraction, negative. The first median line is the « axis of the 
indicatrix, and 7 is the second median line. 

Extinction Direction (1M.L.) in Symmetry Plane. 

Plate I. 2° 26', Plate II 3° 30', Mean.. .,..2° 58', 

behind the normal to c {001}. As 
the latter is 15° 30' in front of the 
vertical axis c, this extinction 
direction, which is the first median 
line, lies 12° 32' in front of the 
vertical axis c. The second median 
line lies 2° 58' above the inclined 
axis a. Tops0e obtained 12° 20 ' 
and 3° 12' for these two extinction 
angles. These facts are graphically 
illustrated in fig. 9. 

Optic Axial Angle. — The results 
for 2E and for 2H a , 2H , and the 

JdL 




<>(100) 



Fig. 9. 
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true angle 2V a , from three pairs of plates, ground perpendicular to the two 
bisectrices, are given in the next two tables. 

Apparent Optic Axial Angle in Air, 2E, of AmCu Selenate. 



Light. 


Plate 1. 


Plate 2. 


Plate 3. 


Mean 2E. 


Li 

C 


o / 

91 37 
91 26 

90 42 
89 45 
89 20 
88 51 


o / 

92 1 
91 49 
90 57 
89 51 
89 32 
88 50 


o / 

91 47 
91 45 
90 51 
89 58 
89 13 
88 39 


o / 

91 48 
91 40 
90 50 
89 51 
89 22 
88 47 


Na 


Tl., 

Cd 


F 





Determination of True Optic Axial Angle in Bromonaphthalene. 



Light. 



No. of plate 
perp. 1 M.L. 


Observed 
2H a . 


No. o£ plate 
perp. 2 M.L. 


Observed 
2H,. 


1 


i ■::::■■::■; 

3 


o / 

51 12 
51 18 
51 15 

51 6 
51 14 
51 10 

50 26 
50 30 
50 29 

49 42 
49 45 
49 42 

49 17 
49 17 
49 15 

48 47 
48 54 
48 47 


la 

2a 
3a 

la 
2a 
3a 

la 

2a 
3a 

la 

2a 
3a 

la 

2a 
3a 

la 

2a 
3a 


109 36 
109 52 
109 35 

109 35 
109 51 
109 33 

109 30 
109 41 

109 24 

109 25 
109 27 
109 9 

109 19 
109 18 
109 3 

109 14 
109 10 
108 51 




ri 


« 


2 


3 




ri 


J 


,2 




is 


< 


ri 

2 


3 


[1 

2 


3 




fl 


J 


2 




3 







Calculated 
2V«. 



Mean 

2V a . 


o 


/ 


55 


45 


55 


42 


55 


7 


54 


31 


54 10 


53 


48 



Li. 



C 



JN a ... 



Tl. 



Cd 



F 



55 44] 
55 44 \ 
55 48 J 



55 40 
55 42 
55 44 

55 6 
55 6 
55 10 

54 29 
54 31 
54 34 

54 9 
54 9 
54 12 



53 44 
53 51 
53 50 



i 



Tops0e and Christiansen obtained 91° 6 ' for 2E and 55° 24' for 2~V a , for 
sodium light. 

Dispersion of the Median Lines. — This is very small and was determined 
by immersion in methyl salicylate, the refractive index for which is close 
to the mean index for the crystals. The median lines are dispersed T in the 
symmetry plane, so that the first median line is nearer to the vertical axis c 
for red C light than for green cadmium light, by this amount. 

Effect of Temperature on Optic Axial Angle. — The angle in air 2E increased 
8° on raising the temperature of the section-plate gradually from the 
ordinary temperature (14°) to 70° C. 

Refractive Indices. — The results with the usual six 60°~prisms, each giving 
two indices, next follow. 
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Eefractive Indices of Ammonium Copper Selenate. 



Light. 


a. 


0. 


7- 





1 -5161 
1 -5166 
1 -5201 
1 -5235 
1 '5256 
1 -5278 
1 -5342 


1-5304 
1 -5309 
1 '5344 
1-5379 
1 -5402 
1 -5424 
1 -5488 


1 -5347 
1 -5352 
1 -5387 
1 -5423 
1 -5446 
1 -5469 
1 -5534 


Na ..« 

Tl 



a 

7 



Mean of a, /3, and y for Na light = 1 *5311. 

Vibration direction parallel to first median line, 12° 32' in front of vertical axis c. 

„ symmetry axis b. 

„ second median line, 2° 58' above inclined axis a. 

Double refraction, Na y _ a = *0186. 



j> 



5) 






General formula for {}, corrected to a vacuum :- 



/3 = 1*5134 + 



886 160 4 974 300 000 000 



X 2 



X 4 



4- 

[ • • • • 



The a indices are equally well reproduced by the formula if the constant 
1*5134 be diminished by 0*0144, and the 7 indices if it be increased by 
0*0043. 

Observations at 70° indicated that the refractive indices of ammonium 
copper selenate diminish by about 0*0018 for a rise of temperature of 60°. 

Tops0e and Christiansen obtained for /3 the values 1*5317, 1*5355, and 
1*5437 for C, D, and F light respectively; and indirectly for <x and 7, for 
sodium D light only, 1*5213 and 1*5395. 

Axial Ratios of the Optical Ellipsoid. — 

a : (3 : 7 = 0*9907 : 1 : 1*0028, a : b : C = 1-0094 : 1 : 0*9972. 

Molecular Optical Constants. 



Axis of optical indicatrix. 



a. 



P. 



Lorenz 



(3-ladstone 



Specific refraction. 



n' 



(n 2 + 2)d 



= n. 



n 



2 -l M 



Molecular refraction, — » — 

5 n 2 + 2 d 

Specific dispersion, jtg — ttc 

Molecular dispersion, mo- — mo . . 

Molecular refraction, 



= m 



■••{ 
-{ 



C 




n- 



1 



d 



M 



* » * * * * - 



O 






66 
68 


1 

113 



1360 
1399 

71 

60 

0039 
89 

98 



-1392 
-1431 

68-25 
70*16 

-0039 
1*91 

117-14 



-1401 
-1440 

68 -71 

70 -65 

*0039 
1-94 

118-09 



Mean molecular refraction (Gladstone), -| (a + + y) = 116 *40. 



Comparison of Results. 

Habit.— -The crystals of the potassium, rubidium, and caesium salts of 
this large double selenate and double sulphate series of isomorphous salts 
have throughout been shown to exhibit characteristic habits of a very 

H 2 
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definite kind, and in this copper group the three specific types are clearly 
exhibited. ; They are formed by the relative development of the basal 
pinakoid c{001} and clinodomal prism #{011}, the former largely pre- 
dominating in the potassium salt and the latter in the caesium salt, while in 
the rubidium salt the two forms are more or less equally developed, the habit 
of this salt being thus very clearly of intermediate character. The crystals 
of the ammonium salt are usually very much like those of the intermediate 
rubidium salt, but the limits are wider, the type shown by the potassium 
salt being also frequently approached in different individuals, and the 
caesium salt type more rarely. 
Crystal Elements and Angles. — 

Comparison of the Axial Angles and Axial Eatios. 





Axial angle. 


Axial ratios. 


Potassium copper selenate 

Ammonium „ „ . 

Caesium ,, „ 


J3. 
103° 25' 
104° 44' 
105° 30' 
105° 42' 


cu ' 7} \ c 
-7508 : 1 :' -5143 
'7495 : 1 : '5066 
0-7476:1:0-5150 
*7398 : 1 : -4981 



The monoclinic axial angle /3 for rubidium copper selenate is thus 
approximately the mean of the corresponding axial angles for the potassium 
and caesium salts. The axial angle of ammonium copper selenate is nearly 
identical with that of caesium copper selenate. 

The morphological axial ratios of the rubidium salt are likewise inter- 
mediate between the analogous ratios for the potassium and caesium salts.* 
The axial ratios of the ammonium salt are close enough to those of all three 
alkali metallic salts to indicate true isomorphism. 

Erom the comparative Table on the next page, of 38 measured angles, the 
salient fact is derived that the whole of the angles of the rubidium salt are 
intermediate between those of the potassium and caesium salts (except pp' 
for which the angle remains identical). 

Analysis of the Table shows that the average and maximum changes of 
angle are twice as great when potassium is replaced by caesium, as they 
are when potassium is replaced by rubidium. The average and maximum 
changes of interfacial angle are thus directly proportional to the change in 
atomic weight or atomic number. 

* Thus both as regards the axial angle and the axial ratios the constants follow the 
order of the atomic weights and atomic numbers of the alkali metals present. 

Atomic weights :- K - 38*85, Rb - 84*9, Cs = 131*9. 

Atomic numbers :— K = 19, Rb - 37 Cs = 55. 
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Comparison of the Interfacial Angles. 



Angle. 



KCu selenate. 



RbCu selenate. 



OsCu selenate. 



AmCu selenate. 



cr = 



\p'b 



(100) 
(100) 
(101) 
(001) 
(001) 
(101) 
(201) 

(100) : 
(110) : 
(120) : 
(110) : 
(130) : 
(110) : 

(001) : 
(Oil) : 



(001) 
(101) 
(001) 
(201) 
(101) 

(201) 

(100) 

(110) 
(120) 
(010) 
(130) 
(010) 
(010) 

(Oil) 
(010) 



i aq = 
qo' = 
o'a = 



CO 

op 
-j cp 
po' 
o'c 



K> 



(100) : (111) 
(111) : (Oil) 
(100) : (Oil) 
(Oil) : (111) 
(111) : (100) 

(001) : (111) 
(111) : (110) 
(001) : (110) 

(110) : (111) 

(111) : (001) 



{ 
{ 



bo 

OS 

lo' => 
oV = 



(010) 

(111) 

(010) 

(111) 



(111) 

(101) 

(111) 

(101) 



(sq = 

i 2P . = 

[ps = 

s f q = 

qp = 

.jP S ' — 

r'o' = 

o'p — 

<pr' = 



(101) : (Oil) 
(Oil) : (110) 
(110) : (101) 

(101) : (Oil) 
(Oil) : (110) 

(110) : (101) 

(201) : (111) 

(111) : (110) 
(110) : (201) 



76 35 
46 42 
29 53 

62 55 

38 24 
24 31 
40 30 

36 7 

19 28 
34 25 
29 20 
24 33 
53 53 

26 35 

63 25 

50 2 
28 

78 2 

34 29 
67 29 

35 43 

43 29 

79 12 
56 3 

44 45 

69 29 

20 31 



65 
25 








39 10 

84 29 
56 21 



30 



45 

64 27 
70 3 

34 27 
93 27 
52 6 



75 16 
46 5 
29 11 
63 25 
38 21 

25 4 
41 19 

35 56 

19 28 
34 36 
29 22 

24 42 

54 4 

26 6 
63 54 

49 20 

27 28 
76 48 
34 28 

68 44 

34 54 

43 13 

78 7 
57 16 

44 37 

69 57 

20 3 

65 6 

24 54 

38 22 

85 48 

55 50 

45 14 
63 42 
71 4 

34 45 
92 42 
52 33 



o / 

74 18 
45 43 

28 35 

63 37 
38 9 
25 28 

42 5 

35 37 

19 28 
34 55 

29 26 

24 57 

54 23 

25 37 

64 23 

48 53 
27 
75 53 
34 27 

69 40 

34 11 

43 5 

77 16 
58 16 

44 28 

70 23 
19 37 

65 17 
24 43 

37 38 
86 57 

55 25 

44 50 
63 15 

71 55 

34 54 
92 13 
52 53 



o / 

74 30 
45 13 
29 17 
64 34 

39 9 

25 25 

40 56 

35 46 

19 28 

34 46 
29 24 

24 50 

54 14 

26 24 

63 36 

48 35 

27 34 

76 9 

35 7 

68 44 

35 

42 29 

77 29 
57 4 
45 27 

69 55 

20 5 

64 15 

25 15 

38 38 
86 14 

55 8 



46 
63 
71 










35 14 
92 34 
52 12 



Replacement. 


Average change. 
(Mean change of 38 angles.) 


Maximum change. 


Kby Rb 
KbyCs 
K by NH 4 


33' 
61' 

47' 


79' = 1° 19' 

148' = 2° 28' 
125' = 2° 5' 



The average and maximum changes of angle occurring when ammonium 
is introduced instead of potassium are seen to be intermediate between 
the amounts caused by introducing rubidium and caesium respectively. 

In 33 of the 38 compared angles, the change on replacing potassium by 
ammonium is in the same direction as when potassium is replaced by 
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rubidium or caesium ; of these 33 angles, 24 show larger changes than for 
the rubidium replacement, and in 10 of the whole 3*8 compared angles the 
change is greater even than when caesium is introduced instead of potassium. 
The] largest (absolute maximum) change of angle for the whole group 
of four salts is 2|° (2° 28'), which occurs in the case of one angle, 
qp = (Oil): (110), when potassium in potassium copper selenate is replaced 
by caesium, or vice versd. This angle also showed the maximum change of 
2° 16' in the cobalt group. 

On comparing the table of crystal-angles for this group with that of the 
other groups studied, it is observed that the absolute values of the angles 
are generally distinctly different, often to the extent of half a degree, and 
occasionally by a whole degree. In this the copper group shows its 
individuality. Yet the relations between the values for the four salts are 
exactly those exhibited by the other groups. Hence the results for the 
copper group are particularly valuable. 

Volume Constants.— 



Volume Constants of the Copper Group of Double Selenates. 



Salt. 


Molecular 
weight. 


Specific 
gravity. 


Molecular 
volume. 


Topic axial ratios. 


KCu selenate 

xvibCu ,, 

CsCu ,, 

STH^Cu „ 


532 -32 

624 -42 

718 -42 
490 -48 


2*539 
2-839 
3*073 
2'223 


209 '66 

219 -94 
233 *79 

220 -64 


X : ^ : « 
6 -1819 : 8 -2338 : 4 '2347 
6 -3179 : 8 *4295 : 4 '2704 
6 *4378 : 8 '7022 : 4 '3346 
6 -2868 : 8 '4093 : 4 '3308 



The density increases with the molecular weight, the changes for the 
respective replacements of K by Eb and Kb by Cs being as 5 : 4, the effect 
thus diminishing as the mass grows. The ammonium salt is naturally much 
the lightest member of the group. 

The molecular volume of the three alkali metallic salts increases at an 
accelerating rate, as the atomic weight or atomic number rises, the amount 
for the two changes of metal being 10*28 and 13*85 respectively. The 
molecular volume of ammonium copper selenate is close to (0*7 higher than) 
that of rubidium copper selenate, a result as regards the ammonium and 
rubidium salts which has always been observed throughout the series. 

There is naturally an increase in the molecular volume on replacing 
sulphur (atomic number 16) by selenium (atomic number 34), and as there 
are two atoms of sulphur or selenium in the molecule of the double salt, 
we obtain the increase per atom by subtracting the molecular volume of 
the double sulphate from that of the double selenate and dividing by two. 
The results of this operation, for the analogous salts of all the six pairs of 
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groups of monoclinic double salts yet completely investigated, are given in 
the next Table. The results per atom for the simple sulphates and selenates 
are also added for comparison. 



Increase of Molecular Volume on Eeplacing S by Se. 



Salt group. 


Increase per atom. 


PP •»»••«... ............. 

Cobalt 

Iron 

Nickel 

Magnesium 

Zinc .... 

Simple salts of alkalies 




6 *6 to 7 *3 units. 

6 -3 to 6 -7 „ 

6'2 

6 -1 to 6 '8 „ 

6 -0 to 6 -1 „ 

6 -3 to 6 *4 „ 

6 -5 to 6 -8 „ 



The copper group here again shows its individuality by affording a some- 
what higher range of change in the molecular volume than is exhibited in 
the other groups. 

The molecular distance (topic axial) ratios of the rubidium salt are inter- 
mediate between those for the potassium and caesium salts, the axial or edge 
dimensions of the monoclinic elementary cell of the space-lattice thus 
increasing progressively with the atomic weight or atomic number of the 
alkali metal. These constants for the ammonium salt are similar to those 
for the rubidium salt, two of the three dimensions being slightly less, and 
the third somewhat greater, the balance corresponding to the very slight 
increase in the molecular volume of the ammonium salt as compared with 
that containing rubidium. 

Cleavage. — There is a perfect cleavage parallel to the orthopinakoid r'{201} 
in the crystals of all four salts. This is the common cleavage direction of 
the whole series of double sulphates and selenates. In addition, however, 
all four salts of this copper group have been observed to cleave with 
considerable facility parallel to the clinopinakoid b{0l0}. 

Orientation of Optical Ellipsoid. — The position of the ellipsoid is con- 
veniently determined by giving the position for a specific wave-length of that 
one of its two rectangular axes lying in the symmetry plane which is not 
far removed from the vertical crystal axis c\ it is the a axis of the indicatrix 
for all the salts, and the first median line for the potassium and ammonium 
salts, but the second median line for the rubidium and caesium salts. 



Inclination of a Axis of Indicatrix to Vertical Axis c, in front, for Na Light. 

NH 4 Cu selenate 12° 32' 

KCu „ 13° 34' 

EbCu „ 23° 5' 

CsCu „ 37° 12' 
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Thus in the crystals of the salts containing the three alkali metals the 
ellipsoid is situated so that this axis «. is further and further removed from 
the vertical axis as the atomic weight or atomic number of the alkali metal 
increases. The ellipsoid thus rotates about the fixed symmetry axis b when 
one alkali metal is exchanged for another, and progressively at an accelerating 
rate, following the ascending order of the atomic weights or atomic numbers 

of the interchanged metals. In 
the case of the ammonium salt the 
position of this axis a is a degree 
nearer to the vertical axis c than 
for the potassium salt. Its position 
for each of the four salts now 
under consideration is graphically 
indicated in fig. 10, which shows 
the progression in the case of the 
metallic salts very clearly. 

The positions of the a axis are 
more forwards than for the other 
groups, a fact also shown by the 
copper double sulphates. The 
progressive relations are, however, the same. 

Optic Axial Angles.— The plane of symmetry h{0!0} is the common plane 
of the optic axes for the whole group. In the cases of the rubidium and 
caesium salts the sign of the double refraction is positive, and the first median 
line is the 7 axis of the indicatrix lying in the symmetry plane not very 
far removed from the inclined crystal axis a, In the cases of the potassium 
and ammonium salts, however, the double refraction is negative, which is 
uncommon in the series, and the first median line is the a axis of the 
indicatrix, lying very close to the normal to c{001}. 




Fig. 10. 
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The optic axial angle is thus seen to decrease with the atomic weight or 
atomic number of the alkali metal, the value for the rubidium salt • being 
intermediate, but much nearer to that of the caesium salt. The optic axial 
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angle of ammonium copper selenate comes between those for the potassium 
and rubidium salts, and quite close to that of the latter salt. 

Refractive Indices, — 

Comparison of the Eefractive Indices. 



Index. 
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Mean refractive index i (a + /3 + 7) 
for Na light 

Double refraction , Na y _ a 
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5354 
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The refractive indices have throughout the series exhibited a progressive 
increase, as potassium is replaced by rubidium, and the latter in turn by 
caesium, the last-mentioned change being the greater. In several of the 
groups, however, the oppositely progressive effect of the diminution of double 
refraction has more than neutralised the progression in refractive index 
as regards the maximum index 7 in the case of the rubidium salt, so that 
this index for the rubidium salt has been rendered slightly lower than that 
for the potassium salt. In this copper group the effect is further aided 
by the fact that the sign of the double refraction is by exception negative 
in the potassium salt, while positive as usual in the series for the rubidium 
and caesium salts; the intermediate j3 index of the rubidium salt is thus 
very close to the minimum index a of that salt, while in the case of the 
potassium salt the j3 index is nearer to the 7 index, as required by negative 
double refraction. Moreover, as the optic axial angle of the rubidium salt 
is very small, the indices a and /3 are quite exceptionally close together. 
All these effects combine not only to neutralise the usual progression in 
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refractive index, but actually to render the j3 and 7 indices of the rubidium 
salt less than those for the potassium salt. The progression is clearly 
apparent, however, when the caesium salt is reached. 

In this copper group also, the refractive indices of the ammonium salt 
are' nearer to those of the caesium salt than usual, and owing to the 
ammonium salt being negative in double refraction, and with a very small 
optic axial angle which brings the /3 indices very close to the 7 indices, 
the /3 indices of the ammonium salt are even somewhat larger than those 
of the caesium salt. 

In these exceptional facts the copper group again shows its individuality, 
quite subsidiary phenomena affecting the usual clear progression. 

Double Refraction. — The usual marked diminishing progression, with 
atomic weight or atomic number of the alkali metal, which has been 
observed throughout the series as regards double refraction, Na y - a , is very 
clearly exhibited by the copper group. The value for the ammonium salt 
is intermediate between the values for the potassium and rubidium salts, 
whereas for the other groups it has lain between the rubidium and caesium 
salt values. In all these properties, however, the ammonium salt behaves 
exactly in accordance with the assumption that it is a member of the 
isomorphous group, the values being very similar to those for the alkali 
metallic salts. 

Axial Ratios of the Optical Indicatrix. — The second set on the right in the 
Table, in which the total change in the dimensions of each of the three axes 
of the optical indicatrix (ellipsoid) is expressed, on passing from one salt to 
another, exhibits clearly the facts referred to under the heading of Eefractive 
Indices. These ratios are directly proportional to the refractive index, and 
for the second set the /3 value for the potassium salt is taken as unit for all 
four salts. 

Axial Eatios of the Optical Indicatrix. 
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Molecular Optical Constants. — 



Specific Eefraction and Dispersion (Lorenz). 



Selenate. 
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Molecular Eefraction and Dispersion (Lorenz). 
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Molecular Eefraction (Gladstone and Dale). 
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The whole of the specific and molecular optical constants of the rubidium 
salt are intermediate between those of the potassium and cassium salts. The 
very important constant molecular refraction thus shows clearly the real 
progression in refractive power which accompanies the change in the atomic 
weight or atomic number of the interchangeable alkali metals, being removed 
from the disturbing causes referred to under the heading Eefractive Indices. 
The change is an accelerating one, the difference between the values for the 
rubidium and cassium salts being greater than that between the potassium 
and rubidium salts. 

The conclusion is independent of temperature, similar effects being 
observed for change of temperature with both density and refractive index. 
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The molecular refraction of ammonium copper selenate is not far removed 
from that of the rubidium salt, although the slight difference (on the higher 
side) in the case of the /3 axis of the indicatrix is somewhat greater in this 
copper group than has usually been observed throughout the series, owing to 
the two salts being of opposite signs of double refraction, which separates 
unduly the (3 values (on opposite sides of the mean between a and 7). 

On comparing these values of the molecular refraction for the copper 
group of double selenates with the analogous copper double sulphates, it is 
found that the selenate values are higher by 6*4 to 8*3 Lorenz units, or 
11*3 to 14*6 Gladstone units. Dividing by two, the number of sulphur or 
selenium atoms present in the molecule, this gives 3*2 to 4*2 Lorenz units, or 
5*7 to 7*3 Gladstone units, for the increase per atom, when sulphur is 
replaced by the heavier selenium. 

The following Table shows how this accords with similar results from the 
other groups of salts studied. 



Increase of Molecular Refraction on Replacing 


8 by Se. 


Salt group. j Lorenz units. 


Gladstone units. 


Copper 


3 "2-4 -2 


5 -7-7 *3 


Cobalt , 


3 *5~4 'I 


6 -5-7 -1 


Iron , . , . 


3 *5-4 '0 


6 -4-7 -1 


Nickel 


3 '5-4 -0 


6 '3-7 '2 


Magnesium 


3 '4-3 '6 


6-3-6-7 


Zmc 


3 '5-3 *7 


6 -5-6 -9 


Simple salts of alkalies 


3 '4-3 '8 


6 '2-7 -2 



The copper group again distinguishes itself by a greater wideness between 
the limits. The mean result is about the same, however, as for the other 
groups studied. 

Concluding Remarks. 

The general results for this copper group of double selenates confirm those 
previously established for the magnesium, zinc, iron, nickel, and cobalt 
groups, and for all the analogous double sulphates, and in a peculiarly 
valuable manner. For it has been shown with regard to most of the 
crystallographic (morphological and physical) properties dealt with, that the 
absolute values of the constants expressing them are considerably different 
from those for the other groups (in this respect resembling the results for the 
copper group of double sulphates), and yet the relationships are remarkably 
similar. The same progression according to the atomic weight or atomic 
number of the interchangeable alkali metals, potassium, rubidium, and 
caesium, which by their interchange give rise to three of the four salts, is 
exhibited with respect to every property. And the similarity of the fourth 
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salt of the group, that of the radicle base ammonium, to the rubidium salt, 
in regard to molecular volume and the constants involving it — the topic axial 
(molecular distance) ratios and the molecular refraction — again indicates the 
closeness to isostructure of the crystals of the ammonium and rubidium 
saitis. 

The further progress made since the author's last memoir (on the cobalt 
group he. cit.), on the structure of the atom, and the further elucidation of 
the real meaning of Moseley's law which has followed therefrom, have but 
further confirmed and explained the fact that the author's results are the 
natural consequence of that law, and of the progressive, constructive 
complexity of the atoms of the elements which by their interchange give 
rise to the isomorphous series. 

The author's next communication - will include the description of the 
manganese and cadmium groups of double selenates, and will form the 
concluding memoir of this long series of investigations, which will have 
included 75 salts, and it will mark the completion of the extensive research 
which the author proposed to himself and commenced in the year 1890. 



Arc Spectra in vacuo and Spark Spectra in Helium of Various 

Elements. 

By J. G. McLennan, F.K.S., Professor of Physics, University of Toronto, 
J. F. T. Young, M.A., and H. J. C. Ireton, M.A. 

(Eeceived June 18, 1920.) 
[Plate 1.] 

I. Introduction. 

The rapid progress in recent years in the investigation of arcing voltages 
and resonance potentials in metallic vapours and in their relation to 
certain spectral series, which for many elements lie in the extreme ultra- 
violet region of the spectrum, makes it of great importance to obtain as 
extensive and as accurate as possible a knowledge of the ultra-violet spectra 
of the elements. A stimulus has been given. to this work by the recent 
research of Foote, Boguley, and Mohler,* on the ionisation potential of 
thallium vapour, and by that of Mohler, Foote, and Stinson,f on the 
ionisation potential of lead vapour. The series indicated by their values lie 

* Foote, Eoguley, and Mohler, 'Phys. Kev.,' vol. 13, January (1919). 
t Mohler, Foote, and Stinson, * Phys. Kev.,' vol. 14, December (1919). 



